AEROSPACE  REPORT  NO. 
TOR-0091(6064)-2 


AD-A257  218 


Structural  and  Tribological  Studies  of  M0S2  Solid  Lubricant  Films 
Having  Tailored  Metal-Multilayer  Nanostructures 


Prepared  by 

M.  R.  HILTON,  R.  BAUER,  and  S.  V.  DIDZIULIS 
Mechanics  and  Materials  Technology  Center 
Technology  Operations 
The  Aerospace  Corporation 

M.  T.  DUGGER 
Sandia  National  Laboratories 

J.  M.  KEEM  and  J.  SCHOLHAMER 
Ovonic  Synthetic  Materials  Coiporation 


15  December  1991 


Prepared  for 

WRIGHT  LABORATORY 
Wright-Patterson  Air  Force  Base,  OH  45433 

SPACE  SYSTEMS  DIVISION 
AIR  FORCE  SYSTEMS  COMMAND 
Los  Angeles  Air  Force  Base 
P.  O.  Box  92960 
Los  Angeles.  CA  9(HM)9-296() 

Contract  No.  F04701-88-C-()()89 


3TIC 


% 


^  ELECTE 
^  0CT2  3  1992i 

if 


Engineering  and  Technology  Group 


THE  AEROSPACE  CORPORATION 

El  Segundo,  California 


APPROVED  FOR  PUBLIC  RELEAf 
DISTRIBUTION  UNLIMITED 


TECHNOLOGY  OPERATIONS 


The  Aerospace  Corporation  functions  as  an  “architect-engineer”  for  national  security  programs, 
specializing  in  advanced  military  space  systems.  The  Corporation’s  Technology  Operations  supports  the 
effective  and  timely  development  and  operation  of  national  security  systems  through  scientific  research 
and  the  application  of  advanced  technology.  Vital  to  the  success  of  the  Corporation  is  the  technical  staff's 
wide-ranging  expertise  and  its  ability  to  stay  abreast  of  new  technological  developments  and  program 
support  issues  associated  with  rapidly  evolving  space  systems.  Contributing  capabilities  are  provided  by 
these  individual  Technology  Centers: 

Electronics  Technology  Center.  Microelectronics,  solid-state  device  physics,  VLSI 
reliability,  compound  semiconductors,  radiation  hardening,  data  storage  technologies, 
infrared  detector  derices  and  testing;  electro-optics,  quantum  electronics,  solid-state 
lasers,  optical  propagation  and  communications;  cw  and  pulsed  chemical  laser 
development,  optical  resonators,  beam  conlio!,  aimosphcric  propagation,  and  laser 
effects  and  countermeasures;  atomic  frequency  standards,  applied  laser  spectroscopy, 
laser  chemistry,  laser  optoelectronics,  phase  conjugation  and  coherent  imaging,  solar 
cell  physics,  battery  electrochemistry,  battery  testing  and  evaluation. 

Mechanics  and  Materials  Technology  Center;  Evaluation  and  characterization  of  new 
materials:  metals,  alloys,  ceramics,  polymers  and  their  composites,  and  new  forms  of 
carbon;  development  and  analysis  of  thin  films  and  deposition  techniques; 
nondestructive  evaluation,  component  failure  analysis  and  reliability;  fracture 
mechanics  and  stress  corrosion;  development  and  evaluation  of  hardened  components; 
analysis  and  evaluation  of  materials  at  cryogenic  and  elevated  temperatures;  launch 
vehicle  and  reentry  fluid  mechanics,  heat  transfer  and  flight  dynamics;  chemical  and 
electric  propulsion;  spacecraft  structural  mechanics,  spacecraft  survivability  and 
vulnerability  assessment;  contamination,  thermal  and  structural  control;  high 
temperature  thermomechanics,  gas  kinetics  and  radiation;  lubrication  and  surface 
phenomena. 

Space  and  Environment  Technology  Center:  Magnetospheric.  auroral  and  cosmic  ray 
physics,  wave-particle  interactions,  magnetospheric  plasma  waves;  atmospheric  and 
ionosphenc  physics,  density  and  composition  of  the  upper  atmosphere,  remote  sensing 
using  atmospheric  radiation;  solar  physics,  infrared  astronomy,  infrared  signature 
analysis;  effects  of  solar  activity,  magnetic  storms  and  nuclear  explosions  on  the  earth’s 
atmosphere,  ionosphere  and  magnetosphere;  effects  of  electromagnetic  and  paniculate 
radiations  on  space  systems;  space  instrumentation;  propellant  chemistry,  chemical 
dynamics,  environmental  chemistry,  trace  detection;  atmospheric  chemical  reactions, 
atmospheric  optics,  light  scattering,  state-specific  chemical  reactions  and  radiative 
signatures  of  missile  plumes,  and  sensor  out-of-field-of-riew  rejection. 


Aerospace  Report  No 
TOR-009l(6064)-2 


STRUCTURAL  AND  TRIBOLOGICAL  STUDIES  OF  M0S2  SOLID  LUBRICANT 
FILMS  HAVING  TAILORED  METAL-MULTILAYER  NANOSTRUCTURES 


Prepared  by 

M.  R.  Hilton,  R.  Bauer,  and  S.  Y  Didziulis 
Mechanics  and  Materials  Technology  Center 
Technology  Operations 
The  Aerospace  Corporation 

M.  T  Dugger 

Sandia  National  Laboratories 

J.  M.  Keem  and  J.  Scholhamer 
Ovonic  Synthetic  Materials  Corporation 


15  December 


Engineering  and  Technology  Group 
THE  AEROSPACE  CORPORATION 
El  Segundo,  CA  90245-4691 


Prepared  for 

WRIGHT  LABORATORY 
Wright-Patterson  Air  Force  Base,  OH  45433 

SPACE  SYSTEMS  DIVISION 
AIR  FORCE  SYSTEMS  COMMAND 
Los  Angeles  Air  Force  Base 
P.  O.  Box  92960 
Los  Angeles,  CA  90009-2960 


Contract  No.  1 04701-88-C-0089 


i'f  _  .  -  . 

r-'str 

APPROVED  FOR  PUBLIC  RELEASE 
DISTRIBUTION  UNLIMITED 


AEROSPACE  REPORT  NO. 
TOR-(X)91(6064)-2 


STRUCTURAL  AND  TRIBOLOGICAL  STUDIES  OF  M0S2  SOLID  LUBRICANT  FILMS 
HAVING  TAILORED  METAL-MULTILAYER  NANOSTRUCTURES 


Prepared 


M.  R.  Hilton 


I.  M.  Keem 


Approved 

tdtc  A(  _ 

H.  K.  A.  Kan,  Director 

Surface  Science  Department 

Mechs’iics  and  Materials  Technology  Center 


X  Sci^^llnAAre/' 

J.  Scholhamer 


R.  W.  Fillers,  Principal  Director 
Mechanics  and  Materials  Technology  Center 


The  information  in  a  Technical  Operation  Report  is  developed  for  a  particular  program  and  is  not 
necessarily  of  broader  technical  applicability. 


ABSTRACT 


Molybdenum  disulfide  (M0S2)  solid  lubricant  films  were  prepared  by  rf  magnetron  sputtering  on  440C 
steel,  52100  steel,  and  Si  substrates.  This  study  concentrated  on  films  that  were  multilayer  coatings  of 
M0S2  with  either  Ni  or  Au-Pd(20%)  metal  interlayers.  Multilayer  thickness  ranged  from  0.2  nm  to  1.0  nm 
while  the  multilayer  periodic  spacing  ranged  from  3  to  10  nm.  Scanning  electron  microscopy  and  X-ray 
diffraction  revealed  that  the  multilayer  films  had  dense  microstmctures  that,  in  some  cases,  exhibited 
significant  orientation  of  their  basal  planes  parallel  to  the  substrate.  Film  endurance  was  assessed  in  sliding 
contact  by  using  thrust  washer  tests  and  in  rolling  contact  by  using  thrust  bearing  tests.  Some  film 
microstructures  exhibited  excellent  endurance.  Brale  indentation  indicated  that  the  metal  layers  can  improve 
film  fracture  toughness.  Friction  in  air  and  ultra-high  vacuum  (UHV)  was  investigated  using  a  UHV- 
compatible  test  apparatus.  Friction  coefficients  between  0.05  and  0.08  were  measured  in  UHV. 
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I.  INTRODUCTION 


Sputter-deposited  films  of  molybdenum  disulfide  (M0S2)  have  been  used  as  lubricants  for  over  twenty 
years  in  space  and  vacuum  applications  because  of  the  material's  low  friction,  negligible  vapor  pres¬ 
sure,  and  temperature  insensitivity  (relative  to  liquid  lubricants).^  M0S2  films  have  been  used  exten¬ 
sively  in  sliding  applications,  such  as  release  mechanisms,  pivoting  hinges,  and  telescoping  devices. 
There  is  an  increasing  interest  in  using  M0S2  films  in  rolling  applications,  such  as  precision  bearings 

Structural  studies  of  sputter-deposited  M0S2  have  often  reported  a  porous,  columnar-plate  morphology, 
sometimes  with  a  dense  underlayer  near  the  substrate.^’^’S  when  reviewed  in  aggregate.  X-ray 
diffi^ction  (XRD)  and  scanning  and  transmission  electron  microscopy  (SEM/TEM)  investigations  indi¬ 
cate  that  the  columnar  morphology  is  a  direct  consequence  of  the  anisotropic  crystal  stmcture  of  M0S2, 
which  causes  significantly  different  reactivities  on  different  facets  of  the  compound.^’^’^  M0S2  is 
composed  of  hexagonal-packed  planes  consisting  of  a  layer  of  Mo  bounded  on  each  side  by  a  layer  of 
S.  All  effective  strong  bonding  is  within  the  resulting  "sandwich”,  not  between  adjacent  S  layers.  The 
(001)  basal  planes  have  low  shear  strength  and  provide  an  atomic  mechanism  for  plastic  deformation, 
which  allows  M0S2  to  function  as  a  lubricant.  The  (001)  basal  surface  of  M0S2  is  unreactive  relative 
to  edge  plane  surfaces  such  as  the  (100)  and  (1 10)  facets.  The  latter  provide  the  reactive  sites  on  M0S2 
catalysts.^ 

These  various  facets  have  different  growth  rates  during  deposition.  The  edge  plane  surfaces  grow 
faster  than  the  basal  surface,  as  evidenced  in  TEM  lattice  imaging,  by  the  formation  of  anisotropic  plate¬ 
like  islands  in  which  the  (002)  basal  planes  are  parallel  to  the  flat  surfaces  of  the  plates.^  Near  the  inter¬ 
face,  the  islands  have  two  general  orientations:  (1)  an  "edge  island  '  in  which  the  (100)  or  (110)  edge- 
plane  surface  is  parallel  to  the  substrate,  or  (2)  a  "basal  island"  in  which  the  (002)  basal  plane  is  parallel 
to  the  substrate.  Competitive  growth  occurs  such  that  the  edge  islands  evolve  into  colunmar  plates, 
which,  in  turn,  shadow  and  inhibit  the  continued  growth  of  basal  islands.  This  competitive  process 
results  in  the  growth  of  a  porous,  columnar-plate  microstructure  having  (100)  and  (1 10)  preferred  ori¬ 
entation  parallel  to  the  substrate. 

The  porosity  that  develops  over  the  shadowed  basal  islands  can  affect  tribological  performance.  Such 
voids  collapse  during  contact  and  convert  a  large  fraction  of  the  total  film  thickness  into  film  debris  early 
in  wear  (which  is  detrimental  in  debris-ejecting  applications,  such  as  ball  bearingsj.^’^’^O’l  ^  Denser 
morphologies  can  be  formed  by  retarding  or  eliminating  edge  island  growth,  which  has  been  accom¬ 
plished  by  adjusting  deposition  parameters  Cowering  pressures,^ - ^ bombarding  with  ions  during 
growth^^’^^)  or  by  including  dopants  (water  vapor  in  the  ambient, or  7  to  10%  nickel  in  the 
target^^). 

Chemical  modification  or  passivation  of  the  substrate  surface  can  suppress  initial  edge  island  formation 
by  eliminating  surface  chemical  sites  that  bond  to  the  reactive  edge  facets.^  However,  growth  defects, 
such  as  crystal  curvature,  cause  edge  islands  to  evolve  within  10  to  30  nm  of  the  interface.^’ A  pas¬ 
sive  surface  could  be  controllably  reimposed  during  film  growth  to  form  a  multilayer  film  with  periodic 
spacing  of  the  imposed  layers.  Edge  island  formation,  columnar  growth,  and  porosity  might  then  be 
avoided.  In  this  paper,  we  report  the  first  investigation  of  the  properties  of  Ni-MoS2  and  Au-Pd(20%)- 
M0S2  multilayer  films. 
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II.  EXPERIMENTAL  PROCEDURES 


The  majority  of  the  films  were  prepared  by  rf  magnetron  (RFM)  sputtering  using  a  cylindrical 
chamber  (base  pressure;  1  x  10'^  Pa)  having  a  vertical  four-target  configuration.  In  these  runs, 
one  metal  [Ni  or  Au-Pd(20%)]  and  one  or,  in  later  runs,  two  M0S2  target  were  used.  The  sub¬ 
strates  were  mounted  vertically  to  the  surface  of  a  carousel  that  rotates  on  an  axis  coincident  with 
the  axis  of  rotation  of  the  chamber  and  that  moves  the  substrates  from  in  front  of  one  target  to 
another.  Use  of  several  carousels  with  different  diameters  allows  the  substrate-to-target  distance 
to  be  varied.  The  size  of  the  carousels  isolates  the  substrates  from  the  different  deposition  fields. 
The  individual  layer  thicknesses  were  controlled  by  varying  a  combination  of  the  deposition  rate 
(target  power),  carousel  bias  level,  and  carousel  rotation  rate.  The  total  film  thickness  was  con¬ 
trolled  by  the  total  number  of  carousel  rotations.  The  deposition  pressure  was  0.266  Pa  and 
sample  temperature  never  exceeded  100°C. 

One  set  of  films  was  prepared  by  ion-beam-assisted  deposition  (IBAD),  using  a  chamber  (base 
pressure:  3  x  10'^  Pa)  in  which  sputter  targets  are  rotated  in  front  of  a  3-cm-diameter  neutralized 
argon  beam  produced  by  a  standard  Kaufman-type  source.  The  angle  between  the  ion  beam  axis 
and  the  target  normal  was  45°.  The  substrates  were  mounted  parallel  to  the  target  on  a  rotating, 
cooled  holder.  Layer  thickness  and  spacing  was  controlled  by  beam  current,  voltage,  and  dura¬ 
tion  on  each  target.  The  beam  was  shut  off  while  alternating  targets  were  rotated  into  position. 

Substrates  in  each  deposition  run  included  440C  steel  blocks  (Rockwell  C  hardness  58-60,  px)l- 
ished  to  100  run  finish)  used  for  sliding  wear  tests  and  XRD  measurements,  440C  steel  friction 
measurement  disks  (Rockwell  C  hardness  58-61;  final  polish  to  0.3  pm  grit),  440C  or  52100  steel 
thrust  bearing  raceways  (INA  W  1-1/2  thrust  bearings).  Si  (100)  wafers,  and  in  some  cases  Kapton 
films.  Three  groups  of  depositions  were  performed.  Group  I  used  52100  bearing  raceways, 
while  Groups  II  and  III  used  440C  bearing  raceways  and  included  Kapton  films.  However,  the 
multilayer  films  in  groups  II  and  III  had  a  50-nm  overcoat  of  pure  M0S2  to  facilitate  initial  film 
transfer  to  the  uncoated  counterface  (see  Section  III,  RESULTS).  Total  film  thickness  was  nomi¬ 
nally  1  pm  in  both  groups.  The  following  multilayer  thicknesses  (as  confirmed  by  XRD)  were 
prepared;  Group  I:  pure  M0S2,  0.3nm-Ni/4.8nm  (the  first  number  is  the  metal  thickness,  and  the 
latter  number  is  the  periodic  spacing  of  the  metal  multilayers),  0.5nm-Ni/5.1nm,  0.8nm-Ni/5.0nm, 
1.0nm-Ni/5.1nm,  0.2nm-Ni/3.3nm,  and  O.Snn,  Ni/3.9iun;  Group  II;  0.7nm-Ni/l0nm,  0.9nm- 
Au/lOmn;  Group  III:  pure  M0S2,  0.7nni-Ni/10nm,  and  0.9nm-Au/10nm.  The  pure  M0S2  films 
in  Group  III  had  2-nm  Ni  interlayers  deposited  at  the  film-440C  steel  interface  to  promote  adhe¬ 
sion.  The  pure  M0S2  films  in  Group  I  had  no  metal  interlayer  deposited  at  the  film-52 100  steel 
interface.  All  of  the  multilayer  films  had  metal  (Au  or  Ni)  interlayers  at  the  steel-film  interface. 
The  IBAD  films  had  thicknesses  of  1.5nm-Au/3.6nm,  and  were  deposited  only  on  440C  steel 
wear  blocks.  For  comparison  purposes,  films  previously  produced  by  rf  sputtering  at  70°C  ambi¬ 
ent  temperature  (RF-AT)  and  at  2.66  Pa  sputter  gas  pressure  were  used  as  characterization  refer- 
ences.5‘^’^0’^^  Figure  1  illustrates  the  typical  multilayer  structure. 

Structural  characterization  was  performed  by  XRD.  The  periodic  spacing  of  the  multilayer 
structure  was  determined  by  grazing  angle  XRD  using  Cu  Ka  radiation  following  calibration  runs 
and  after  substrate  coating  runs.  The  precision  of  this  method,  often  within  a  few  hundredths  of  a 
nanometer,  is  strongly  related  to  the  number  of  orders  of  reflection  observed.  Actual  multilayer 
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spacings  are  inferred  from  comparison  of  the  locations  of  all  order  peaks  with  predictions  based 
on  model  calculations.  Preferred  orientation  of  the  films  was  determined  by  XRD  using  a  ver¬ 
tical  powder  diffractometer  equipped  for  normal  6-26  scans  using  Cu  Ka  X-rays.  This  instru¬ 
ment  also  detected  multilayer  peaks.  The  X-ray  scattering  vector  G  (the  vector  subtraction  of  the 
incoming  X-ray  vector  from  the  oi.tgoing  X-ray  vector)  was  always  parallel  to  the  surface 
normal.^ 

Film  morphology  was  examined  by  SEM  using  procedures  reported  elsewhere.^  Cross-sectional 
samples  were  prepared  by  Brale  indentation,  which  also  provided  an  indication  of  interfacial 
fracture  toughness.  Sliding  wear  endurance  tests  were  performed  using  a  thrust  washer  on  a 
coated  flat  in  an  apparatus  described  elsewhere.*®  Thrust  bearing  endurance  tests  were  conducted 
at  2500  rpm  under  a  mean  Hertzian  stress  of  0.48  GPa  (70  ksi)  in  a  dry  nitrogen  environment. 
The  test  was  terminated  when  measured  reaction  torque  exceeded  ten  times  the  running  torque. 
Friction  tests  were  run  in  an  instrument^O  in  room  air  (25  to  35%  humidity)  or  under  UHV  con¬ 
ditions  (6.7  X  10‘^Pa).  Scanning  Auger  electron  spectroscopy  (AES)  was  performed  in  the  fric¬ 
tion  test  stylus  tracks  and  in  adjacent  regions.  X-ray  photoelectron  spectroscopy  (XPS),  Raman 
spectroscopy,  and  extended  X-ray  absorption  fine  structure  (EXAFS)  were  selectively  used. 


Overlayer 

Metal  Thickness 
Multilayer  Periodicity 

Interlayer 

Substrate 


M0S2 


Ni  or  Au-Pd(20%) 


Figure  1.  Schematic  of  multilayer  lubricant  film  architecture. 
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III.  RESULTS 


A.  PREFERRED  ORIENTATION  AND  MORPHOLOGY  OF  FILMS 

XRD  confirmed  that  the  presence  of  metal  multilayers  afiects  preferred  orientation.  The  reference  RF- 
AT  film  has  a  (100)  [and  (1 10);  not  shown  here]  preferred  orientation  without  (002)  basal  orientation 
(Figure  2a).  In  contrast,  the  pure  RFM  film  has  mixed  crystalline  orientations,  including  basal  (002) 
and  edge  (100)  (and  (1 10);  not  shown  here]  as  shown  in  Figure  2b.  Broad  peaks  were  evident.  The 
presence  of  0.7  nm  of  Ni  per  10  nm  [effectively  3  monolayers  (MLs)  of  Ni  per  15  layers  of  M0S2] 
resulted  in  a  strong  (002)  preferred  orientation  is  shown  in  Figure  2c.  The  0.9nm-Au/10nm  film  was 
similar,  as  shown  in  Figure  2d.  In  both  multilayer  films  third-  and  fourth-order  multilayer  peaks  result¬ 
ing  from  diffraction  by  the  multilayers  were  detected.  The  diffraction  peak  locations  confimied  the 
multilayer  spacing.  Decreasing  the  multilayer  spacing  from  10  to  5  nm  also  resulted  in  a  strong  ((X)2'> 
preferred  orientation,  as  shown  in  Figure  2e  for  the  0.3nm-Ni/5.0nm  film.  However,  thicker  Ni  multi¬ 
layers  at  5  nm  spacing  (2  to  4  MLs)  resv'ted  in  suppression  of  the  (002)  peak,  although  higher  order 
multilayer  reflections  become  visible,  as  shown  in  Figures  2f  through  2h.  Although  not  shown  here, 
the  0.2nm-Ni/3.3nm  had  basal  plane  preferred  orientation  while  the  0.8nm-Ni/3.9nm  and  IBAD- 
prepared  1.5nm-Au/3.6nm  films  did  not  exhibit  (002),  (100)  'r  (1 10)  peaks. 

The  SEM  revealed  that  the  presence  of  multilayers  densified  and  refined  the  film  morphology  . 

However,  relative  to  the  RF-AT  film  (Figure  3a)  with  the  columnar  plate  structure,  '•ven  the  pure  M0S2 
RFM  films  had  a  dense  morphology  with  equiaxed  features  (Figure  3b).  The  dense  morphology  of  ilic 
pure  film  is  similar  to  that  observed  fo.  other  M0S2  films  grown  at  this  pressure.'^’*2,13  presence 
of  0.  /nm-Ni/lOnm  yields  a  smoother  morphology  with  disccmable  features  on  the  fracture  cross- 
sectional  surface  that  are  smaller  in  size  relative  to  the  pure  RF^  film  (Figure  3c).  A  0.9nm-Au/l()nm 
film  has  a  similar  morphology  to  the  O.Vnm-Ni/lOnm  film  (Figure  3d).  Note  that  the  size  of  the 
equiaxed  features  in  the  multilayer  films  range  from  20  to  60  nm,  which  exceeds  the  multilayer  spacing 
of  10  nm.  Reducing  the  spacing  from  10  to  5  nm  results  in  very  smooth,  dense  morphologies  (Figure 
3e  for  0.3nm-Ni  or  1  ML  Ni  per  5  nm);  higher  metal  thicknesses  at  5  nm  spacing  yielded  morphologies 
that  were  progressively  smoother  (Figurr .s  3f  through  3h).  The  0.2nm-Ni/3.3nm,  0.8nre(-Ni/3.9nm, 
and  1.5nm-Au/3.6nm  films  (not  shown)  also  had  smooth,  dense  morphologies. 

B.  WEAR  AND  INDENTATION  TESTS 

Thrust  washer  sliding  tests  indicate  that  pure  RFM  films  had  endurance  equivalent  tc  cr  better  than  the 
averaged  AT  film  reference  value  (Figure  4).  The  presence  of  increasing  thicknesses  of  Ni  at  5  nm 
spacing  reduced  average  endurance.  However,  the  enduraiice  values  of  tho  Ni  multilayer  films  were 
quite  scattered;  many  thicker  Ni  films  failed  instantly.  Experience  with  this  wear  test  suggested  that  the 
bare  steel  counterface  was  not  receiving  an  adequate  lubricant  transfer  film  during  the  early  stages  of 
contact.  Based  on  this  hypothesis,  the  Group  11  films  were  made  with  a  50-nm  o^erlayer  of  pure  M0S2 
to  facilitate  transfer  film  formation.  The  0.7nm-Ni/10nm  films  had  endurance  comparable  :o  the  l^J'-A'i 
film  average.  Also  shown  are  the  0.9nm-Au/l(kun  films,  which  had  a  somewhat  lower  endurance  than 
the  0.7nm-Ni/10nm  filr.is.  In  contrast,  the  1.6nm-Au/3.6nm  films  (prepared  by  IB  AD)  that  did  not 
possess  pure  M0S2  overlayers  had  lifetimes  that  exceeded  those  of  comparable  high-Ni  counterparts 
such  as  the  0.8nm-Ni  or  1 .0nm-Ni/5.0nm  films.  The  films  contaitiing  Au  will  be  discussed  further  in 
Section  IV. 


2e.  deg 


Figure  2  XRD  scans  of  the  M0S2  films  showing  the  preferred  orientation  and  crystallinity  of  iiic  films  as 
a  function  of  multilayer  composition,  (a)  The  pure  M0S2  RF-AT  reference  film  has  strong  (100),  and 
(110)  [the  latter  is  not  shown]  preferred  orientation,  (b)  The  pure  M0S2  RF  magnetron  film  has  poorly 
crystalline  but  mixed  (002),  (100),  and  (110)  [the  latter  is  not  shown]  preferred  orientation.  (c,d)  The 
presence  of  metal  muhilayers,  such  as  0.7nm-Ni/10nm  or0.9nm-Au/10nm,  suppresses  edge  orientations  in 
favor  of  ((X)2)  basal  plane  orientation,  (e)  Thin  0.3-nm  multilayers  of  Ni  with  5  nir  spacing  also  result  in 
((X)2)  ba^  plane  prewired  orientation,  (f-h)  At  5-nm  spacing,  increasing  the  thickness  of  the  Ni 
multilayers  suppresses  the  detected  basal  plane  preferred  orientation  of  the  M0S2  layers,  while  enhancing 
the  detection  of  higher-order  multilayer  (ML)  refections.  Unlabeled  peaks  represent  the  440C  steel 
substrate. 
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(g)  0.8  nm-Ni/5  nm  (h)  1  nm-Ni/5  nm 


2  nm 

Figure  3.  Cross-sectional  SEM  micrographs  of  the  films  shown  in  Figure  2.  (a)  The  RF-AT  reference  film 
deposited  at  2.66  Pa  has  the  columnar-plate  morphology,  (b)  The  pure  M0S2  RF  magnetron  film,  deposited  at 
0.266  Pa,  has  a  dense,  equiaxed  morphology  that  is  consistent  with  literature  reports  of  films  deposited  at  this 
pressure  (see  text).  The  increasing  presence  of  metal  multilayers  refines  the  equiaxed  features  and  yields  progres¬ 
sively  smoother  films;  (c)  0.7nm-Ni/10run,  (d)  0.9nm-Au/10nm,  (e)  0.3nm-Ni/5nm,  (f)  0.5nm-Ni/5nm,  (g) 
0.8nm-Ni/5nm,  and  (h) ’nm-Ni/5nm.  (Sample  tilt:  (a)  30°,  (b-h)  45°.) 
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The  52100  steel  thrust  bearing  rolling  data  show  scattered  endurance  values  for  the  5-nni  spacing 
Ni  films  (Figure  5a),  though  the  0.3nm-Niy5nm  films  had  better  endurance  than  the  thicker  Ni 
films.  Some  films  failed  extremely  early.  Ball/cage  wear  effects  were  found  to  have  limited 
endurance  in  tests  of  the  0.2nm-Ni/3.3nm,  0.8nm-Ni/3.9nm,  and  0.8nm-Ni/5nm  films.  Excessive 
ball/cage  wear  caused  the  cage  to  contact  the  raceway  land  (which  was  confirmed  by  visual 
examination  following  the  test)  causing  increased  torque.  SEM  examination  revealed  limited 
(i.e.,  patchy)  removal  of  M0S2  from  the  ball  raceway  contact  tracks  for  these  films.  In  contrast, 
all  other  films  showed  uniform  film  removal  in  the  wear  track  region  at  end  of  life. 

A  different  problem  was  observed  for  the  pure  RFM  films  deposited  without  a  nickel  interlayer 
on  52100  steel  thrust  bearings.  The  pure  RFM  films  had  poor  adhesion  to  52100  steel,  i.e., 
partial  delamination  of  M0S2  was  observed  prior  to  testing.  These  films  had  endurance  values 
less  than  10%  of  those  of  the  RF-AT  films  deposited  onto  440C  bearings.  In  contrast,  pure  M0S2 
films  deposited  on  440C  steel  with  a  Ni  interlayer  did  not  have  adhesion  problems  and  had 
greater  endurance  values  than  the  RF-AT  films  (Figure  5b).  (One  of  the  pure  RFM  M0S2  films 
on  440C  had  visible  damage  in  the  form  of  a  piece  of  remnant  adhesive  tape  in  the  raceway.  The 
tape  was  removed  prior  to  testing,  exposing  a  small.  <  1  mm^,  area  of  uncoated  steel.  This 
damaged  film  had  a  lower  endurance  than  the  other  two  bearings.)  All  of  the  sliding  tests  were 
run  on  440C,  and  such  adhesion  problems  were  not  observed  for  any  films.  The  multilayer  films 
on  both  steels  had  initial  metal  layers  (either  Ni  or  Au)  between  the  first  layer  of  M0S2  and  the 
substrate,  which  probably  improved  adhesion  to  the  steel  substrates,  particularly  for  the  52100. 


Film  Type  or  Metal  Thickness  (nm) 


Figure  4.  Endurance  data  fcx"  the  various  films  in  thrust  washer  sliding  tests  from  Groups  I  and  11.  All  sub¬ 
strates  are  440C  steel.  The  inset  values  represent  the  multilayer  periodic  spacing  in  nm.  Increasing  metal 
thickness  at  5-nm  spacing  generally  decreased  average  endurance.  The  pure  RFM  films  (from  Deposition  Group 
1,  without  nickel  interlayers  (see  text])  and  10-nm  spacing  multilayer  films  (from  Group  II)  performed  compara¬ 
bly  to  the  RF-AT  reference  in  sliding.  (NT  =  not  tested.) 
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Figure  5.  Endurance  data  from  thrust  bearing  rolling  tests  of  M0S2  52100  steel  (Deposition  Group  1, 

see  text),  and  (b)  440C  steel  (Groups  II  and  HI).  The  inset  values  represent  the  multilayer  periodic  spacing  in 
nm.  Increasing  metal  thickness  at  5-nm  spacing  generally  decreased  average  endurance.  The  pure  RJFM  films  on 
52100  steel  had  adhesion  problems  that  limited  endurance.  The  pure  RFM  films  on  440C  had  excellent 
endurance,  although  one  bearing  had  lower  endurance.  The  film  on  this  bearing  had  visible  damage  in  the  form 
of  a  remnant  piece  of  adhesive  tape  at  one  small  area  in  the  raceway.  The  0.7nm-Ni/10nm  films  consistently 
exceeded  the  performance  of  the  RF-AT  films.  The  0.9nm-Au/10nm  films  from  Group  II  had  deposition 
irregularities  (see  text)  that  limited  endurance.  The  deposition  problems  were  rectified  to  prepare  the  Group  111 
Au-containing  films,  which  have  the  highest  endurance  of  the  films  tested. 
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The  0.7nm-Ni/10nm  films  (with  50  nm  pure  M0S2  overiayers)  had  endurance  lives  consistently 
exceeding  those  of  the  RF-AT  films  (Figure  5b).  (Acmal  rolling  endurance  values  are  shown  for  the 
RF-AT  films;  the  values  are  not  averages).  The  0.9nm-Au/10nm  films  had  lower  endurance  than  their 
Ni  counterparts  from  Group  II,  following  the  trend  in  the  sliding  data.  However,  Group  III  0.9nm- 
Au/lOnm  films  showed  improved  performance  over  Group  n  Au-containing  films.  This  improvement 
apparently  resulted  fiom  better  deposition  plasma  stability  in  Group  III  (see  Section  IV, 

DISCUSSION).  Indeed,  the  0.9nm-Au/l{Wn  films  have  the  best  endurance  values  of  all  films  tested. 
TIk  Ni-containing  multilayer  films  had  equivalent  endurance  values  between  the  Group  II  and  III  films. 

Brale  indentation  (150  kg  load)  resulted  in  film  delamination  at  the  coating-substrate  interface  for  the 
pure  films  in  a  manner  consistent  with  dense  morphologies,^  ^  i.e.,  extensive  delamination  on  the  order 
of  200  to  300  pm  was  observed.  Increasing  metal  content  in  the  multilayer  films  inhibited  delamination 
(Figure  6),  suggesting  that  the  fracture  toughness  of  the  films  had  increased.  Films  with  10  nm  spacing 
had  more  delamination  than  5  nm  films. 

C.  FRICTIONAL  BEHAVIOR  OF  FILMS 

The  friction  coefficients  determined  in  pin-on-disk  tests  as  a  function  of  number  of  cycles  are  shown  in 
Figure  7  for  five  film  preparations.  The  pure  RFM  film  and  the  0.9nm-Au/10nm  film  exhibited  similar 
friction  behavior  in  air  and  ultrahigh  vacuum,  with  fiiction  coefficients  at  1000  cycles  of  0.05  to  0.08. 

In  air,  the  0.7nm-Ni/10nm  film  had  a  higher  friction  coefficient  than  its  gold-containing  counterpart, 
despite  the  presence  of  a  50  nm  M0S2  surface  layer  in  both  cases.  The  0.3nm-Ni/5nm  and  0.8nm- 
Ni/3.9nm  films  showed  increasing  fiiction  coefficient  with  increasing  nickel  layer  thickness.  In  UHV, 
aH  structures  except  the  0.8nm-Ni/3.9  nm  film  had  friction  coefficients  below  0.08.  The  0.7nm- 
Ni/lOnm  and  0.3nm-Ni/5nm  films  had  notably  low  coefficients  in  UHV,  relative  to  air.  The  0.3nm- 
Ni/5nm  film  performed  well  despite  the  lack  of  the  extra  50  nm  M0S2  surface  layer  present  in  the  larger 
spacing  films.  AES  analysis  of  the  wear  tracks  detected  metal  from  the  metal  multilayers  only  in  the 
0.8nm-Ni/3.9nm  film.  In  fact,  iron  was  observed  in  addition  to  nickel  in  all  wear  track  locations  for 
this  specimen  in  both  test  environments,  suggesting  that  severe  film  spallation  exposed  the  substrate. 
Oxygen  content  on  the  wear  track  surface  decreased  after  1(X)0  cycles  in  air  for  this  film  while  oxygen 
content  on  the  surface  increased  after  1000  cycles  for  all  other  films.  In  UHV,  surface  oxygen  content 
on  the  wear  track  decreased  for  all  films. 

D.  FILM  COMPOSITION 

Preliminary  characterization  results  of  the  multilayer  films  using  AES,  XPS,  Raman  spectroscopy,  and 
EXAFS  have  revealed  the  following:  (1)  AES  and  XPS  of  as-prepared  films  indicate  that  the  films  are 
sulfur  deficient  relative  to  M0S2  single  crystals;  the  near-surface  regions  of  the  films  are  best  described 
as  MoS^  with  x  generally  being  in  the  range  of  1.5  to  1.7.  (2)  XPS  of  the  as-prepared  films  has 
determined  that  the  ratio  of  Mo^'*'/(Mo^-t-Mo^‘'')  ranges  from  0.70  to  0.76;  no  consistent  trend  was 
found  as  a  function  of  multilayer  composition.  (3)  Oxygen  and  carbon  were  detected  on  the  surface  of 
the  as-prepared  films,  with  the  amount  generally  increasing  with  nickel  content.  (4)  No  Mo-0  stretch¬ 
ing  vibrations  (800-1000cm'^  frequency  range)  were  delected  by  Raman,  as  shown  in  Figure  8.  (5) 
EXAFS  studies  on  films  using  Kapton  substrates  revealed  the  presence  of  considerable  Ni-0  bonding 
and  virtually  no  Ni-Mo  or  Ni-S  bonding  in  the  nickel  multilayer  films.^^ 
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(c)  1  nm-Ni/5  nm 


(d)  0.7  nm-Ni/10  nm 


0.5  mm 


Figure  6.  SEM  microgr^hs  of  delatnination  at  the  film-substrate  interface  following  Brale  indentation  of 
selected  films,  (a)  The  pure  RFM  film  delaminates  extensively,  (b-c)  The  presence  of  increasing  metal  con 
tent,  0.8nm-Ni/5nm  and  lnm-Ni/5nm,  inhibits  delamination,  (d)  Increasing  the  multilayer  spacing  (0.7nm- 
Ni/lOnm)  increases  delamination  relative  to  the  5-nm  spacing  films. 


Figure  7.  Pin-on-disk  friction  coefficients  versus  number  of  disk  revolutions  fw  sputtered  M0S2  films  in  air 
with  25  to  35%  relative  humidity  (top  graph),  and  in  ultrahigh  vacuum  (bottom  graph).  All  tests  were  run  at  1 
GPa  maximum  contact  stress  and  3.5  to  5.5  cm/s  sliding  velocity,  (a)  RFM  pure  M0S2,  (b)  0.9nm-Au/10nm 
(c)  0.7nm-Ni/10nm,  (d)  0.3nm-Ni/5nm,  and  (e)  0.8nm-Ni/3.9nm.  Films  (b)  and  (c)  had  a  50-nm  overlayer  of 
pure  M0S2. 
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RAMAM  SHIFT,  cm 


Figure  8.  Raman  spectra  for  (a)  pure  RFM  film,  (b)  0.9nm-Au/10nm  film,  (c)  0.7nm-Ni/10nm,  (d)  0.3nm- 
Ni/5nm,  and  (e)  0.8nm-Ni/3.9nm.  A  Raman  spectrum  in  the  same  frequency  raiwe  for  a  M0S2  sputtering  target 
is  shown  for  comparison.  The  first  order  bands  for  M0S2  shown  are  at  286  cm'^(Ejg,  S-S  basal  plane),  383 
cm'^  (^2g’  Mo-S  basal  plane),  and  408  cm'^  (^lg>  c-axis).  Of  particular  note  is  me  absence  of  bands  from 
Mo-O  stretching  vibrations,  which  would  be  expected  in  the  800  to  lOOO  cm'^  frequency  range.  The  depth  sen¬ 
sitivity  of  Raman  is  approximately  200  nm  for  the  pure  RFM  film.  The  presence  of  metal  in  the  multilayer 
films  makes  them  more  insensitive  to  Raman  by  increasing  reflectivity. 
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IV.  DISCUSSION 


The  experimental  data  verify  the  hypothesis  that  metal  multilayers,  of  t^propriate  spacing  and  thickness, 
can  promote  the  formation  of  sputter-deposited  M0S2  with  essentially  exclusive  basal  plane  orientation 
and  low  porosity.  We  propose  that  the  ability  of  multilayers  to  cause  preferred  orientation  exploits  the 
early-growth  behavior  of  sputter-deposited  M0S2  films.  Near  the  interface,  i.e.,  <  20  ran  thick,  sput¬ 
ter-deposited  M0S2  films  often  have  a  very  low  (in  some  cases  zero)  areal  ratio  of  edge  islands  to  basal 
islands  present.  For  example,  we  previously  found  that  on  carbon  substrates,  edge  island  presence  was 
not  significant  until  a  thickness  of  25  to  40  nm  had  been  deposited  for  films  deposited  at  70  C  (AT)  and 
at  220°C  (HT).8  Careful  XRD  studies  of  M0S2  grown  on  440C  steel  suggest  a  similar  behavior. 
Bertrand  has  found  by  XRD  that  edge  orientation  can  be  removed  in  thin  films  grown  on  Si  or  Au  by 
heating  the  substrate  (>100°C)  prior  to  or  during  deposition.^  In  a  cross-sectional  TEM  study  of  rf- 
magnetron  sputtered  M0S2  grown  on  Si  at  300°C  (effectively  duplicating  the  deposition  corxiitions  in 
the  work  by  Bertrand),  Moser  et  al.  have  found  that  highly  crystalline  basal  orientation  is  confined  to 
the  first  10  to  20  nm  near  the  interface.  Poorly  crystalline  edge  orientation  develops  above  the  basal 
layer,  apparently  from  growth  defects  and  basal  plane  crystal  curvature  in  the  MoS2.^^  We  believe  that 
deposition  of  metal  multilayers  continually  reimposes  new  surfaces  upon  which  sputter-deposited  M0S2 
must  nucleate.  This  newly  nucleated  M0S2  on  the  film  surface  has  a  high  (or  exclusive)  degree  of  basal 
orientation.  A  new  metal  layer  is  then  deposited  before  any  significant  edge  orientation  can  develop  that 
might  lead  to  competitive  growth,  columnar  morj^ology,  and  porosity. 

The  structures  of  the  metal-MoS2  interfaces  of  tte  multilayer  films  require  further  study.  Qose  exami¬ 
nation  of  the  XRD  patterns  in  Figures  2c  and  2g,  representing  the  0.7nm-Ni/10nm  and  0.8nm-Ni/5nm 
films,  respectively,  suggests  that  poorly  crystalline  regions  exist  near  the  metal  layers.  These  poorly 
crystalline  regions  or  layers  may  contain  misaligned,  curved,  or  buckled  M0S2  basal  planes. 

Roughness  or  waviness  of  the  metal  layers  may  cause  these  crystal  distortions.  The  continuity  of  the 
metal  layers  also  needs  to  be  determined. 

The  above  interpretation  of  growth  suggests  some  limits,  in  terms  of  interlayer  thickness  and  spacing, 
to  obtaining  basal  orientation.  The  minimum  metal  thickness  tested,  which  was  0.2  nm  or  =1  ML  of 
Ni,  caused  basal  orientation  to  develop.  TEM  studies  of  co-sputtered  films  suggest  (if  one  assumes  that 
the  percentage  of  dopant  found  in  the  film  after  deposition  equals  the  fractional  flux  of  dopant  during 
deposition)  that  the  Ni  layer  could  be  thinner,  perhaps  0.02-0.06  nm,  and  still  suppress  edge  growth. 
However,  from  a  multilayer  production  and  quality  control  viewpoint  0.5  to  1.0  nm  (two  to  four 
monolayers)  layers  are  more  optimum  metal  thicknesses.  Metal  multilayers  of  these  thicknesses  are 
easier  to  reproduce  and  readily  allow  XRD  to  be  performed  to  measure,  via  the  multilayer  peaks,  actual 
multilayer  spacing  (and  thus  total  film  thickness  because  the  number  of  multilayers  is  known). 
Multilayer  quality  can  also  be  further  assessed  via  peak  shape  analysis. 

The  wear  data  show  that  there  are  some  optimum  combinations  of  multilayer  spacing  and  composition 
to  obtain  favorable  tribological  properties.  For  the  Ni  multilayer  films,  better  endurance  was  achieved 
with  10  nm  spacing  than  with  5  nm.  We  interpret  the  data  to  mean  that  once  basal  orientation  is 
obtained  by  imposition  of  a  metal  multilayer,  the  best  tribological  performance  is  achieved  by  depositing 
the  maximum  amount  possible  of  M0S2  with  basal  orientation  between  metal  layers.  (In  principle,  the 
best  storage  oxidation  resistance  would  be  obtained  by  films  having  this  preferred  orientation  because 
oxidation  is  slow  through  basal-  oriented  films.22)  Thus,  the  upper  limit  on  spacing  might  be  the  criti- 
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cal  thickness  at  which  growth  defects,  such  as  basal  plane  curvature,  induce  or  allow  edge  orientation  to 
develop.  Cross-sectional^^  and  plan-view^  TEM  studies  of  pure  M0S2  suggest  that  this  upper 

limit  is  in  the  range  between  10  to  25  nm.  A  top  layer  of  pure  M0S2  over  the  multilayer  film  appears  to 
help  form  lubricant  transfer  films  on  bare  counterfaces.  Further  work  is  needed  to  determine  optimum 
top  layer  thicknesses.  A  pure  M0S2  overlayer  may  significantly  improve  the  pserformance  of  the  5  nm 
spacing  Ni  films;  the  possibility  merits  further  study. 

The  friction  coefficients  measured  for  most  of  the  films  in  UHV,  ranging  between  0.04  and  0.08,  are 
consistent  with  films  having  this  dense  morphology  and  sulfur  deficiency  reported  by  Nabot  et  al.,  who 
measured  coefficients  in  the  range  of  0.04  to  0.06.^^  The  high  friction  coefficient  of  the  0.8nm- 
Ni/3.9nm  film  and  the  presence  of  iron  in  the  wear  track  suggests  that  catastrophic  failure  had  occurred. 
The  high  concentration  of  Ni  promotes  seizure  instead  of  lubrication.  The  poor  endurance  of  the  0.5- 
1.0nm-Ni/5nm  films  in  the  wear  tests  suggests  that  seizure  also  occurred  in  those  tests. 

Further  composition  investigations  of  the  multilayer  films  are  needed  to  determine  the  distribution  of 
elements  and  their  bonding  in  these  obviously  heterogeneous  structures.  In  particular,  detailed  depth 
profile  studies  and  also  EXAFS  of  the  films  could  elucidate  the  bonding  of  oxygen  in  these  films. 
Oxygen  apparently  bonds  to  nickel  in  the  films.  The  Mo^  detected  by  XPS  is  probably  on  the  film 
surface  since  Raman  data  did  not  reveal  vibrations  representing  molybdenum  oxides  deepor  in  the  film 
bulk.  Oxygen  may  also  be  substitutionally  present  as  MoS2.xOx  would  be  difficult  to  identify  by 
Ramaa  In  this  phase,  oxygen  could  conuibute  to  good  film  lubricity  by  expanding  the  basal  plane  sep¬ 
aration  as  discussed  elsewhere.^^’^'^ 

We  had  hypx)thesized  that  Au,  being  softer  and  more  inert  than  Ni  (particularly  to  oxidation),  might  be  a 
better  constituent  in  a  multilayer  lubricant  film,  but  the  initial  wear  data  (from  Group  II)  showed  that  the 
0.9nm-Au/10nm  films  had  lower  endurance  with  higher  scatter  than  the  coixespxrnding  Ni  (O.Tnm- 
Ni/lOnm)  films,  while  later  tests  (from  Group  III)  showed  improved,  suprerior  prerformance  for  the  Au- 
containing  films.  These  differences  are  explained  by  the  higher  sputtering  rate  of  Au  versus  Ni,  which 
necessitated  a  lower  pxrwer  setting  for  the  Au  films  in  Group  II  that  was  unstable-visible  plasma  pulsa¬ 
tions  were  observed.  Higher  M0S2  growth  rates  were  obtained  in  Group  III  by  using  two  M0S2  tar¬ 
gets  with  one  Au  target  to  avoid  this  problem  of  irregular  deposition  by  allowing  the  Au  target  to  be 
operated  in  a  higher,  stable  power  range.  The  IB  AD  1.5nm-Au/3.6nm  films  also  had  far  higher 
endurance  than  their  sputter-deposited  Ni  counterparts  (0.5-l.()nm-Ni/5  nm).  Thus,  it  appears  that  the 
presence  of  Au  in  the  multilayer  films  improves  endurance  relative  to  either  Ni-MoS2  multilayer  or  pure 
M0S2  films. 

As  mentioned  earlier,  dense  morphologies  are  desirable  to  prevent  conversion  of  a  large  fraction  of  the 
total  film  thickness  into  film  debris  early  in  wear,  and  would  be  suitable,  for  example,  in  precision 
bearings.  Both  the  multilayer  and  pure  RFM  films  prepared  in  this  study  had  dense  morphologies.  The 
dense  morphology  of  the  pure  films  agrees  with  literature  repx)rts  of  films  deposited  at  0.266  Pa. 
However,  the  multilayer  films  of  appropriate  metal  thickness  and  spacing  offer  several  advantages:  (1) 
the  basal  plane  preferred  orientation  is  in  the  opjtimum  orientation  for  lubrication;  (2)  the  multilayer 
structure  allows  XRD  to  provide  a  non-destructive  quality  control  determination  of  film  thickness  that  is 
critical  for  precision  bearing  applications;  (3)  the  basal  plane  preferred  orientation  should  offer  maxi¬ 
mum  oxidation  resistance  (a  benefit  because  spacecraft  are  often  stored  before  flight)22;  (4)  the  metal 
layers,  if  propjer  elements  are  selected,  may  also  contribute  to  oxidation  resistance;  and  (5)  multilayer 
composition  (especially  Au  layers)  could  affea  electrical  conductivity  in  sliding  elearical  contacts. 
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V.  CONCLUSIONS 


The  deposition  of  metal  multilayers  of  appropriate  layer  thickness  and  periodic  spacing  in  sputter- 
deposited  M0S2  solid  lubricant  films  can  induce  exclusive  (002)  basal  plane  preferred  orientation.  The 
orientation  results  can  be  explained  in  terms  of  a  model  based  on  active  sites  and  competitive  growth. 
The  films  possessed  dense,  equiaxed  or  smooth  morphologies.  Columnar  growth  was  inhibited  in  part 
by  the  deposition  pressure  used,  although  the  presence  of  multilayers  result^  in  smoother  morpholo¬ 
gies.  Some  multilayer  films  exhibited  excellent  endurance  in  sliding  wear  and  thrust  bearing  tests. 

In  this  study,  the  optimum  structures  appear  to  have  the  following  characteristics:  (1)  large  multilayer 
spacings,  on  the  order  of  10  nm,  that  contain  M0S2  with  exclusive  basal  plane  orientation  between  the 
metal  layers,  and  (2)  a  minimum  metal  layer  thickness  that  generates  strong  multilayer  XRD  diffraction 
peaks  for  quality  control  assessment  (i.e.,  0.5  to  1.0  nm)  and  induces  basal  orientation.  A  thin  surface 
oveiiayer  of  pure  M0S2  appeared  to  facilitate  transfer  film  fonnation  on  uncoated  counterfaces.  Friaion 
coefficients  in  UHV  ranged  between  0.05  and  0.08.  These  values  seem  to  stem  in  part  from  the  film 
morphology  and  also  from  apparent  surface  sulfur  sub-stoichiometry,  i.e.,  in  the  range  of  x  =  1.5- 1.7 
for  MoSj^.  Raman  spectroscopy  did  not  detect  molybdenum  oxides  in  the  film  bulk.  The  nature  of 
oxygen  bonding  in  the  multilayer  films  and  their  storage  resistance  to  oxidation  require  further  study. 


17 


REFERENCES 


1 .  E.  W.  Roberts,  Tribology  Int.,  23(2).95  (1990). 

2.  P.  D.  Fleischauer  and  M.  R.  Hilton,  Mat.  Res.  Soc.  Symp.  Proc.,  140,  9  (1989). 

3 .  T.  Spalvins,  Thin  Solid  Films,  96,  157  (1982),  and  earlier  references  cited  therein. 

4.  C.  Muller,  C.  Menoud,  M.  Maillat,  and  H.  E.  Hintermann,  Surf.  Coat.  Technol,  36, 351 
(1988),  and  references  cited  therein. 

5.  M.  R.  Hilton  and  P.  D.  Fleischauer,  Mat.  Res.  Soc.  Symp.  Proc.,  140,  227  (1989). 

6.  J.  R.  Lince  and  P.  D.  Fleischauer,  J.  Mater.  Res.,  2,  827  (1987). 

7.  P.  A.  Bertrand,  J.  Mater.  Res.,  4(1),  827  (1987). 

8.  M.  R.  Hilton  and  P.  D.  Fleischauer,  J.  Mater.  Res.,  5(2),  486  (1990),  and  references  therein. 

9.  R.  R.  ChianeUi,  et  al.,  J.  Catalysis,  92,  56  (1985). 

10.  P.  D.  Fleischauer  and  R.  Bauer,  Tribol.  Trans.,  31,  239  (1988). 

1 1.  M.  R.  Hilton,  R.  Bauer,  and  P.  D.  Fleischauer,  Thin  Solid  Films,  188,  219  (1990). 

12.  A.  Aubert,  J.-Ch.  Nabot,  J.  Emoult,  and  Ph.  Renaux,  Surf.  Coat.  Technol.,  41,  127-134 
(1990). 

13.  J.-Ph.  Nabot,  A.  Aubert,  R.  Gillet,  and  Ph.  Renaux,  Surf.  Coat.  Technol.,  43/44,  629  (1990). 

14.  H.  Kuwano  and  K.  Nagai,  J.  Vac.  Sci.  Technol.  A,  4,  2993  (1986). 

15.  R.  N.  Bolster,  I.  L.  Singer,  J.  C.  Wegand,  S.  FayeuUe,  and  C.  R.  Gossett,  "Preparation, 

Analysis,  and  Tribological  Behavior  of  IBAD  M0S2  Films,"  Surf.  Coat.  Technol.,  46,  207 
(1991). 

16.  V.  Buck,  Thin  Solid  Films,  139,  157  (1986). 

17.  M.  R.  Hilton,  "TEM  Lattice  Imaging  of  M0S2  Solid  Lubricant  Films  Ihepared  by  RF,  RF 
Magnetron,  and  DC  Sputtering,"  presented  at  the  Int.  Conf.  on  Metall.  Coatings  and  Thin  Films, 
ICMCTF-91,  San  Diego,  CA,  April  23, 1991;  and  to  be  submitted  toJ.  Mater.  Res. 

18.  J.  Moser,  J.  Liao,  and  F.  Levy,  J.  Phys.  D:  Appl.  Phys.,  23,  624  (1990). 

19.  A.  M.  Kadin  and  J.  M.  Keem,  Scripta  Metallurgica,  20, 443  (1986). 

20.  L.  E.  Pope,  J.  A.  Knapp,  and  D.  M.  Follstaedt,  Surf.  Coat.  Technol.,  38,  361  (1988). 


19 


21.  J.  R.  Lince,  M.  R.  Hilton,  and  A.  S.  Bommannavar,  "Dopant  Incorporation  in  Sputter- 
Deposited  M0S2  Solid  Lubricant  Films  As  Studied  by  EXAFS,"  presented  at  the  Int  Conf.  on 
Metall.  Coatings  and  Thin  Films  (ICMCTF-91),  San  Diego,  CA,  April  23, 1991;  and  to  be 
submitted  to  J.  Mater.  Res. 

22.  P.  D.  Fleischauer,  ASLE  Transactions,  27(1),  82  (1984). 

23.  J.  R.  Lince,  M.  R.  Hilton,  and  A.  S.  Bommannavar,  Surf.  Coat.  Technol.,  43/44,  640  (1990). 

24.  P.  D.  Fleischauer,  J.  R.  Lince,  P.  A.  Bertrand,  and  R.  Bauer,  Langmuir,  5,  1009  (1989). 


20 


FORTRs 


INTERNAL  DISTRIBUTION  LIST 


MMTC-Tribology 
July  1992 


REPORT  TITLE  StTuctuTal  and  Tribological  Studies  of  M0S2  Solid  Lubricant  Films 


Having  Tailored  Metal-Multilayer  Nanostructures 


REPORT  NO. 

TOR-0091(6064)-2 

PUBLICATION  DATE 

15  December  1991 

SECURITY  CLASSIFICATION 

Unclassified 

1 .  FOR  OFF-SITE  PERSONNEL,  SHOW  LOCATION  SYMBOL, 
e.g.,  JOHN  Q.  PUBLIC/VAFB 

NAME  tinclude  Inttials) 

MAIL  CODP  * 

2.  IF  LISTS  IS  ALTERED,  INITIAL  CHANG':(S)  AND  SHOW  AFFILIATION 
•  FOR  SECRET  REPORTS  SHOW  BLDG  AND  RC2M,I4QIMAIL  STATION 

NAME  (Include  InHIalst  MAIL  CODE  ‘ 

Adams.  P.  M. 

M2/250 

Holtz,  G.  L. 

M8/204 

Arnold,  G.  S. 

M2/271 

Jackson,  S. A. 

M2/272 

Bauer,  R. 

M2/272 

Kalogeras,  C.  G. 

M2/271 

Bersinger,  E.  V. 

M5/661 

Kan,  H.  K.  A. 

M2/272 

Bertrand,  P.  A. 

M2/271 

Kao,  W.H. 

M2/242 

Binrin,  S.  E. 

Ml/119 

Katzman,  H.  A. 

M2/250 

Carr6,  D.  J. 

M2/271 

Kelly,  D.  E. 

M6/213 

Childs,  J.  L. 

M2/272 

Kwok,  M.  A. 

M5/753 

Cofiln,  C.  L. 

M8/204 

Lechmann,  R. 

M8/204 

Cutler,  ML 

M5/643 

Leveille,  A.  R. 

M4/917 

Didziulis,  S.  V. 

M2/271 

Lince,  J.  R. 

M2/271 

Di  Girolamo,  J. 

M4/966 

Luey,  K.  T. 

M2/272 

'  Doi,J. 

M2/250 

Meshishnek,  M,  J. 

M2/241 

Evans,  D.  J, 

M2/264 

Moore,  J,  D, 

M8/204 

Feuerstein,  S, 

M2/244 

Nicklas,  J,  C. 

M6/212 

FUlers,  R,  W. 

M2/247 

Nygren,  K. 

M5/653 

Fleischauer,  P.  D. 

M2/271 

Pelteson,  F.  M. 

M8/204 

Forster,  A.  S. 

M5/594 

Precious,  C.  R, 

M3/388 

Freitag,  T.  A. 

M6/213 

Redman.  J.  J. 

M3/715 

Frost,  S.  W. 

M2/242 

Rugge,  H.  R. 

M2/264 

Hall,  D.  F. 

M2/271 

Sabin.  F.  L. 

M6/212 

Hallett,  J. 

M2/273 

Schiewe.  A.  J, 

M 1/002 

Hawkins,  G.  F. 

M2/248 

Sempek.  R.  L. 

M3/715 

Hemminger,  C. 

M2/250 

Shaffer,  J.  J. 

M2'279 

Hickman,  D.  R. 

M5/654 

Shapiro,  A.  H. 

M6/203 

Hills,  M.  M. 

M2/271 

Siesel,  H.  S. 

M6/216 

Hilton,  M.  R. 

M2/271 

Stafford,  B.  T. 

M5/654 

HHAL  APPROVER:  DRAW  UNE(S)  ACROSS  UNPLU 

D  SPACE  AND  INITIAL  TO  PRECLUC^ 

ADDIVONS 

-  —  .  "  ■  '■=1 

APPROVED  BY  _ _ _ DATE 


IF  UST  COMPRISES  TWO  OR  MORE  SHEETS,  COMPLETE  ABOVE  BLOCK  ON  LAST  SHEET  ONLY 


AEnOePACC  FOW  Z3M  nEV  Me 


SHEET 


1 


OF 


FORTRs 


INTERNAL  DISTRIBUTION  LIST 


MMTC-Tribology 
July  1992 


REPORT  T1TT.E  StTuctuTal  and  Tribological  Studies  of  M0S2  Solid  Lubricant  Films 

Having  Tailored  Metal-Multilayer  Nanostiuctures 


FORTRs 


EXTERNAL  DISTRIBUTION  LIST 


MMTC-Tribology  (for  6064  reports) 
July  1992 


REPOFfT  TiTi.E  StTuctuTal  and  Tribological  Studies  of  M0S2  Solid  Lubricant  Films 
Having  Tailored  Metal-Multilayer  Nanostructures 


1 .  SHOW  FULL  MAILING  ADDRESS:  INCLUDE  ZIP  CODE.  MUTARY  OFFICE  SYMBOL.  AND  *ATTENTION-  UNE 

2.  IF  LIST  IS  ALTERED,  INITIAL  CHANGE(S)  AND  SHOW  AFFIUATION 


AEDCCER) 

Arnold  AFS.TN  37389 
Attn;  Library 

AFrr 

Wright-Patterson  AFB,  OH  45433 
Attn;  Technical  Library 

AFOSR  (NC) 

BoUing  AFB,  DC  20332 

AFSC  (XTS) 

Andrews  AFB,  DC  20331 

Air  University  Library  (SE) 

MaxweUAFB,AL  36112 

DARPA 

Materials  Sciences 
1400  Wilson  Boulevard 
Arlington,  VA  22009 
Attn;  Dr.  Ben  A,  Wilcox 
Dr.  W.  Coblenz 

Defense  Technical  Information  Center 
Cameron  Station  (12  unc,  2  class) 

Alexandria,  VA  22314 
Atm:  DTIC-TC 

FJSRL  (NA) 

USAF  Academy,  CO  80840 

Hary  Diamond  Laboratories 
U.  S.,  Army  Material  Command 
Washington,  DC  20438 
Attn;  Library 


AMAXInc. 

Amax  Center 

Greenwich,  CT  06836-1700 
Attn:  Ann  Drury 

Ametek  Inc. 

361 1  S.  Harbor  Blvd.,  Suite  225 
Santa  Ana,  CA  92704 
Attn;  Joseph  Garibotti 

Argonne  National  Laboratory 
9700  South  Cass  Avenue 
Argonne,  EL  60439 
Atm;  Dr.  F.  A.  Nichols 

BatteUe  Memorial  Instimte 
505  King  Avenue 
Columbus,  OH  43205 
Atm:  Jerry  Kannel 

California  Instimte  of  Technology 
Department  of  Chemistry 
Pasadena,  C A  91125 
Attn;  Dr.  William  A.  Goddard 

General  Electric  Company 
Space  Division,  M26()9 
P.  O.  Box  8555 
Philadelphia,  PA  19101 
Atm;  Dr.  Arthur  J.  Halmer 

Georgia  Instimte  of  Technology 
Department  of  Mechanical  Engineering 
Atlanta,  GA  30332 
Atm:  Dr.  Ward  O.  Winer 
Dr.  Uzi  Landman 


FINAL  APPROVER:  DRAWLINE(S)  ACROSS  UNFILLED  SPACE  AND  INIVAL  TO  PRECLUDE  ADDITIONS 


FORTRs 


EXTERNAL  DISTRIBUTION  LIST 


MMTC-Tribology  (for  6064  reports) 
July  1992 


REPORT  TTn-E 


Structural  and  Tribological  Studies  of  M0S2  Solid  Lubricant  Films 
Having  Tailored  Metal-Muldlayer  Nanostructures 


REPORT  NO. 

TOR-0091(6064)-2 

PUBLICATION  DATE 

15  December  1991 

SECURITY  CLASSIFICATION 

Unclassified 

MILITARY  AND  GOVERNMENT  OFFICES 

ASSOCIATE  CONTRACTORS  AND  OTHERS 

1 .  SHOW  FULL  MAIUNG  ADDRESS:  INCLUDE  ZIP  CODE.  MILITARY  OFFICE  SYMBOL,  AND  -ATrENTION"  UNE 

2.  IF  UST  IS  ALTERED.  INITIAL  CHANGE{S)  AND  SHOW  AFFIUATION 


Los  Alamos  National  Laboratory 
P.  O.  Box  1663 
Los  Alamos,  NM  87545 
Attn:  Michael  A.  Nastasi 
Thomas  R.  Jervis 
Jon  B.  Cross 

NASA 

Ames  Research  Center 
Moffett  Field,  CA  94035 
Attn:  Library 

NASA 

Johnson  Space  Center 
Houston,  TX  77058 
Attn:  Library 


Grumman  Space  Systems 
840  No.  Broadway,  MS  A02-105 
Bethpage,  LI  11714-3588 
Atm:  Frank  Elliot 

Hohman  Plating  &  Manufacturing,  Inc. 
814  Hillrose  Avenue 
Dayton,  OH  45404 
Attn:  Bernard  C.  Smpp 

Hughes  Aircraft  Company 
P.  O.  Box  902 
Bldg.  El;  M/S  FI  50 
El  Segundo,  CA  90245 
Attn:  Dr.  Michael  N.  Gardos 
Bonnie  Sorianno 


NASA 

Langley  Research  Center 

Hampton,  VA  23665-5225 

Attn:  Tech.  Docs.  -  Library  -  MS  185 

NASA 

Lewis  Research  Center 
21000  Brookpaik  Road 
Cleveland,  OH  44135 
Attn:  C.  Della  Corte 
Robert  Fusaro 
Stephen  V.  Pepper 
John  Ferrante 
T.  Spalvins 
W.  Jones 
Library 


Hughes  Aircraft  Company 

Space  and  Communications  Group 

P.  O.  Box  92919 

Los  Angeles,  CA  90009 

Attn:  JohnBohner 


Instimte  of  Defense  Analysis 
Science  and  Technologies  Division 
1801  N.  Beregard  St. 

Alexandria,  VA  22311 
Attn:  Michael  Rigdon 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  C A  91103 
Attn:  Library 


NASA 

Marshall  Space  Flight  Center 
Huntsville,  AL  35812 
Attn:  Library 


RNAL  APPROVER:  DRAWUNE(S)  ACROSS  UNRLLKD  SPACE  AND  INIVAL  TO  PRECLUDE  ADDITIONS 


Kaman  Sciences  Corp.  -  MMCIAC 
816  Stale  Street 
P.  O.  Drawer  QQ 
Santa  Barbara,  CA  93102-1479 
Atm:  Jacques  E.  Schoutens 


DISTRIBUTION  LIMITATIONS  MARKED  ON  THE  COVEFimTLE  PAGE  ARE  AUTHORIZED  BY  SIGNATURE  BELOW 


APPROVED  BY 
(AEROSPACE)  ■ 

APPROVED  BY 
(AF  OFFICE) 


DATt 


(NOT  REQUIRED  FOR  ATR  CATEGOdYT 


DATE 


AEROSPACC  FORM  29a0  REV 


IF  UST  COMPRISES  TWO  OR  MORE  SHEETS,  COMPLETE  ABOVE  BLOCK  ON  LAST  SHEET  ONLY 

SHEET  2  OF _ ]_ 


FOR  TRs 


EXTERNAL  DISTRIBUTION  LIST 


MMTC-Tribology  (for  6064  reports) 
July  1992 


REPORT  TITLE 


Structural  and  Tribological  Studies  of  M0S2  Solid  Lubricant  Films 
Having  Tailored  Metal-Multilayer  Nanostructures 


REPORT  NO. 

TOR-0091(6064)-2 

PUBLICATION  DATE 

15  December  1991 

SECURITY  CLASSIFICATION 

Unclassified 

MILITARY  AND  GOVERNMENT  OFFICES 

ASSOCIATE  CONTRACTORS  AND  OTHERS 

1 .  SHOW  FULL  MAILING  ADDRESS;  INCLUDE  ZIP  CODE.  MILITARY  OFFICE  SYMBOL.  AND  -ATTENTION-  LINE 

2.  IF  LIST  IS  ALTERED.  INITIAL  CHANGEfS)  AND  SHOW  AFFILIATION 


NASA 

Scientific  and  Technical  Information 
Facility  (unc) 

P.  O.  Box  8757 

Baltimore-Washington  International 
Airport,  MD  21240 
Attn:  SAK/DC 

National  Institute  of  Standards  and  Technology 
Ceramics  Divisions 
Rm.  A  257;  Bldg.  223 
Gaithersburg,  MD  20899 
Attn:  Dr.  D.  C.  Cramer 
A.  W.  Ruff 

National  Institute  of  Standards  and  Technology 
Marshall  Bureau  of  Standards 
Washington  25,  DC  20234 
Attn:  Library 

•  Naval  Ordnance  Laboratory 
White  Oak  Laboratory 
Silver  Spring,  MD  20919 
Attn:  Technical  Library 

Naval  Research  Laboratory 
Code  6172 

Washington,  DC  20375 
Attn:  Dr.  Irwin  L.  Singer 
Bruce  D.  Sartwell 
Bill  Purdy 

Naval  Research  Laboratory 
Washington,  DC  20025 
Attn:  Library 


Lockheed  Missiles  and  Space  Co.,  Inc. 
Advanced  Systems  Astronautics  Division 
1 1 1 1  Lockheed  Way 
Sunnyvale,  CA  94088-3504 
Attn:  Ken  Benner 

Lockheed  Missiles  and  Space  Co.,  Inc. 
Dept.  59-20,  Bldg.  593 
P.  O.  Box  3504 
Sunnyvale,  CA  94088-3504 
Attn:  R.  E.  Bauman 

Lockheed  Missiles  &  Space  Co.,  Inc. 
Organization  62-14;  Bldg.  551 
nil  Lockheed  Way 
Sunnyvale,  CA  94089-3504 
Attn:  S.  H.  Loewenthal 

Lockheed  Missiles  and  Space  Co.,  Inc. 

P.  O.  Box  3504 
Sunnyvale,  CA  94088-3504 
Attn:  Don  Peak 

Martin  Marietta  Corp. 

P.  O.  Box  179 
Denver,  CO  80201 
Attn:  Charles  Deals 
Frank  M.  Kustas 
Mohan  Mishra 
Mike  Pollard 

Martin  Marietta 
P.  O.  Box  555837 
M.  P.  163 

Orlando,  FL  32855-5837 
Attn:  Mark  Hendricks 


FINAL  APPROVER:  DRAWLINE(S)  ACROSS  UNFILLSD  SPACE  AND  INITIAL  TO  PRECLUDE  ADDITIONS 


DISTRIBUTION  LIMITATIONS  MARKED  ON  THE  COVER/TITLE  PAGE  ARE  AUTHORIZED  BY  SIGNATURE  BELOW 

APPROVED  BY 

DATE 

(AEROSPACE) 

APPROVED  BY 

DATE 

(AF  OFFICE) 

(NOT  RECXJIRED  FOR  ATR  CATEGORY) 

AEROSPACE  POPM  2300  REV  3-02 

IF  LIST  COMPRISES  TWO  OR  MORE  SHEETS.  COMPLETE  ABOVE  BLOCK  ON  LAST  SHEET  ONLY 

SHEET  OF 

7 

FORTRs 


EXTERNAL  DISTRIBUTION  LIST 


MMTC-Tiibology  (for  6064  reports) 
July  1992 


REPOFiT  TITLE 


Structural  and  Tribological  Studies  of  M0S2  Solid  Lubricant  Films 
Having  Tailored  Metal-Multilayer  Nanostructures 


REPORT  NO. 


TOR-0091(6064)-2 


PUBUCATION  DATE 

15  December  1991 


SECURtTY  CLASSIFICATION 

Unclassified 


MILITARY  AND  GOVERNMENT  OFFICES 


ASSOCIATE  CONTRACTORS  AND  OTHERS 


1 .  SHOW  FULL  MAIUNG  ADDRESS:  INCLUDE  ZIP  CODE.  MIUTARY  OFFICE  SYMBOL,  AND  •ATTENTION-  UNE 

2.  IF  UST  IS  ALTERED,  INITIAL  CHANGE(S)  AND  SHOW  AFFIUATION 


Phillips  Laboratory  (GP) 

Hanscom  AFB,  MA  01731 

Phillips  Laboratory  (RK) 

Edwards  AFB,  CA  93523 

Phillips  Laboratory  (SU) 

KirUand  AFB,  NM  87117 

SSD/CNBSH 

Attm  Capt.  David  Grewe 

SSD/CNSS 
Attm  Donna  Kuncis 

SSD/CNWK 
Attm  E.  L.  Leventhal 

U.  S.  Army  Research  Office 
Solid  Mechanics  Branch 
Engineering  Sciences  Division 
P.  O,  Box  12211 

Research  Triangle  Park,  NC  27709 


U.  S,  Department  of  Commerce 
Environmental  Sciences  Services 


Administration 
Boulder  Laboratories 
Boulder,  CO  80302 
Attm  Library 

U.  S.  Department  of  Energy 
CE-142 

1000  Independence  Avenue 
Washington,  DC  10585 
Attn;  Dr.  James  J.  Eberhardt 


(2  unc) 


Martin  Marietta  Space  Systems 

P.  O.  Box  179 

MS  L-8030 

Denver,  CO  80201 

Attm  Richard  Vande  Koppcl 

Mechanical  Technology,  Inc. 

968  AJbany-Shaker  Road 
Latham,  NY  12110 
Attm  Dr.  James  F.  Dill 

Miniature  Precision  Bearings 
Division  of  MPB  Corp 
Precision  Park,  P.  O.  Box  547 
Keene,  NH  03431 
Attm  R.  A.  Hanson 

National  Centre  of  Tribology 
UKAEA 

Risley,  Warrington  WAS  6AT 
United  Kingdom 
Attm  Dr.  E.  W.  Roberts 
Dr.  R.  Rowntree 

Oak  Ridge  National  Laboratory 
P.  O.  Box  X 
Bldg.  4508;  MS  265 
Oak  Ridge,  TN  37831 
Attm  Joseph  A.  Carpenter,  Jr. 

Ovonic  Synthesis  Materials  Company 
1788  Northwood  Dr. 

Troy,  MI  48084 
Attn:  Dr.  John  Keem 


FINAL  APPROVER:  DRAWLINE(S)  ACROSS  UNRLLMD  SPACE  AND  INIVAL  TO  PRECLUDE  ADDITIONS 


APPROVED  BY 
(AEROSPACE)  ■ 

APPROVED  BY 
AF  OFFICE! 


DISTRIBUTION  UMITATIONS  MARKED  ON  THE  COVERmTLE  PAGE  ARE  AUTHORIZED  BY  SIGNATURE  BELOW 


IP  UST  COMPRISES  TWO  OR  MORE  SHEETS.  COMPLETE  ABOVE  BLOCK  ON  LAST  SHEET  ONLY 


FOMU  2M0  flEV  3>fle 


FOR  TRs 


EXTERNAL  DISTRIBUTION  LIST 


MMTC-Tribology  (for  6064  reports) 
July  1992 


REPORT  TITLE 

Structural  and  Tribological  Studies  of  M0S2  .Solid  Lubricant  Films 
Having  Tailored  Metal-Multilayer  Nanostructures 

r  n 

REPORT  NO. 

TOR-0091(6064)-2 

PUBLICATION  DATE 

15  December  1991 

SECURITY  CLASSIFICATION 

Unclassified 

MILR-ARY  AND  GOVERNMENT  OFFICES 

ASSOCIATE  CONTRACTORS  AND  OTHERS 

1 .  SHOW  FULL  MAILING  ADDRESS:  INCLUDE  ZIP  CODE,  MILITARY  OFFICE  SYMBOL,  AND  'ATTENTION'  LINE 

2.  IF  LIST  IS  ALTERED,  INITIAL  CHANGE(S)  AND  SHOW  AFFILIATION 


Rocketdyne  Division 
Rockwell  International  Corp, 
6633  Canosa  Avenue 
Canoga  Park.  CA  91303 
Attn:  W.  T.  Lee 


WL/MLB 

Wright  Patterson  APB,  OH  45433-6533 
Attn:  Glen  Ormbrek 

Wright  Laboratory'  (TX) 
Wright-Patterson  APB,  OH  45433-6533 
WL/MLBT 
Attn:  M.  S.  Donley 

K,  R.  Mecklenburg 
J.  S.  Zabinski 


Rockwell  International  Corp, 

P.  O,  Box  3089 

Seal  Beach,  CA  90740-7644 

Attn:  Kyle  N,  Vault 

Rockwell  International  Corp, 

Satellite  and  Space  Division 
P,  O.  Box  3644 
Seal  Beach,  CA  90740-7644 
Attn:  Stan  Greenberc  (MC-SL-25) 

W,  L.  Owens  (MC-EA-94) 

Bill  Sorge  (MC-EA-94) 

Sandia  National  Laboratories 
P.  O,  Box  5800 
Albuquerque,  NM  87185 
Attn:  Dr.  Larry  Pope 

Dr.  Michael  T.  Dugger 

Technology  Assessment  and  Transfer,  Inc 
1 33  Defense  Hwy .,  Suite  2 1 2 
Annapolis.  MD  21401 
Attn:  Dr.  L.  L.  Fehrenbacher 

Telandic  Research  Corp. 

6042  N.  Irwindale  Ave. 

Irwindale.  CA  91706 
Attn:  Dr.  James  H.  Goble 


FINAL  APPROVER  DRAW LINE(S)  ACROSS  UNFILL 


to 


SPACE  AND  INITIAL  TO  PRECLUDE  ADDITIONS 


DISTRIBUTION  LIMITATIONS  MARKED  ON  THE  COVEHTTITLE  PAGE  ARE  AUTHORIZED  BY  SIGNATURE  BELOW 

1  APPROVED  BY 

DATE 

(AEROSPACE) 

H  APPROVED  BY 

DATE 

1  (AF  OFFICE) 

(NOT  REOUTCD  FOR  ATR  CATEGORY) 

IF  LIST  COMPRISES  TWO  OR  MORE  SHEETS.  COMPLETE  ABOVE  BLOCK  ON  LAST  SHEET  ONLY 


AEROSPACE  PORM  OK  REV  3  M 


sheet 


5 


OF 


7 


FORTRs 


EXTERNAL  DISTRIBUTION  LIST 


MMTC -Tribology  (for  6064  reports) 
July  1992 


REPORT  TiuE  Structural  and  Tribological  Studies  of  M0S2  Solid  Lubricant  Films 
Having  Tailored  Metal-Multilayer  Nanostructures 


FORTRs 


EXTERNAL  DISTRIBUTION  LIST 


MMTC-Tribology  (for  6064  reports) 
July  1992 


REPORmUE 


Structural  and  Tribological  Studies  of  M0S2  Solid  Lubricant  Films 
Having  Tailored  Metal-Multilayer  Nanostructures 


REPORT  NO. 

TOR-0091(6064)-2 

PUBLICATION  DATE 

15  December  1991 

SECURITY  CLASSIFICATION 

Unclassified 

MILITARY  AND  GOVERNMENT  OFFICES 

ASSOCIATE  CONTFIACTORS  AND  OTHERS 

1 .  SHOW  Fua  MAILING  ADDRESS;  INCLUDE  ZIP  CODE,  MILITARY  OFFICE  SYMBOL,  AND  -ATTENTION-  UNE 

2.  IF  UST  IS  ALTERED,  INITIAL  CHANGE(S)  AND  SHOW  AFFIUATION 


AEnOSr  ACS  FORM  23*0  REV  Me 


SHEET 


OF 


